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Mechanical alloying of elemental Fe and Sb powders yielded nanostructured FeSb2, an amorphous
phase, along with unreacted Sb. The volume fractions of FeSb2, Sb nanocrystals and interfacial/
amorphous components were estimated from the X-ray diffraction pattern of the as-miller powder.
The thermal stability of FeSb2 was investigated by heating the powder at 250 1C and 400 1C. The XRD
pattern of the sample annealed at 250 1C showed nucleation of Fe3O4 and decomposition of FeSb2.
For an annealing temperature of 400 1C, besides crystallization of the amorphous phase, the volume
fractions of Sb and Fe3O4 increased and the volume fraction of FeSb2 decreased. The optical band gap
energy for samples as-milled and annealed at 400 1C was measured, and a slight decrease in the band
gap was observed in the annealed sample. Thermal diffusivity parameter of the as-milled sample and of
the annealed sample at 400 1C was also measured, as well as other transport properties. We also
studied the contribution of the thermal diffusivity of the interfacial/amorphous component to the
thermal diffusivity of the as-milled sample.
& 2012 Elsevier B.V. All rights reserved.1. Introduction
It has been suggested that some strongly correlated materials
have potential for thermoelectric applications at low tempera-
tures [1–3]. This is due to the fact that the electron–electron
correlations can produce large electronic densities of states at the
band edges of the hybridization gap, leading to an enhancement
of the absolute values of Seebeck coefﬁcient 9S9 [1]. FeGa3 [4], FeSi
[5] and FeSb2 [6] are examples of strongly correlated semicon-
ductor compounds. FeSb2 and FeSi show similar physical proper-
ties in many respects [7–13].
FeSb2 is a narrow direct optical band gap semiconductor [14],
whose thermodynamic, thermoelectric, and magnetic properties have
been widely investigated [15–19]. For example, at low temperature, it
shows large Seebeck coefﬁcient SE45000 mV K1, high power
factor PE2300 mWK2 cm1 at 12 K, a semiconducting-metallic
crossover temperature of 40 K and a paramagnetic to diamagnetic
crossover at around 100 K [6]). These characteristics make it a
potential material for application in the cryorefrigeration ﬁeld.
Under ambient conditions, FeSb2 crystallizes in an orthorhom-
bic structure (S.G. Pnnm, Z¼2), with Fe and Sb atoms in the 2all rights reserved.
x: þ55 48 37219946.
a).(0,0,0) and 4 g (x,y,0) Wyckoff positions, where x¼0.1885 and
y¼0.3561, respectively. Each Fe atom is in a deformed octahedral
environment, and octahedra share edges along the c-axis [20].
The FeSb2 compound can be synthesized using the self-ﬂux
method [6] or the high-temperature ﬂux method [21], among
others. Recently, this compound was also produced by mechan-
ical alloying (MA) [22].
It has been suggested by other researchers that the thermo-
electric conversion efﬁciency can be improved by reducing the
thermal conductivity without a strong degradation of the elec-
trical properties. One way to achieve this is reducing the crystal-
lite size of thermoelectric materials to nanometric dimensions,
i.e., producing thermoelectric nanostructured materials [23].
Nanostructured materials have been produced by different tech-
niques, including MA. Suryanarayana’s paper [24] gives a good
review of the MA technique, while the physical mechanisms
involved are described in Refs. [25–28]
From the structural point of view, nanostructured materials have
two components, one crystalline, made of crystallites with nano-
metric dimensions (o1000 A˚), with the same structure as the bulk
counterparts, and another interfacial, made of different types of
defects (grain boundaries, interphase boundaries, dislocations, etc.).
Both components have similar numbers of atoms, causing a strong
dependence of the properties on the atomic arrangements present in
the interfacial component [29].
C.M. Poffo et al. / Physica B 413 (2013) 47–5448Using MA, we produced nanostructured FeSb2 along with an
amorphous phase and unreacted elemental Sb. Recently, a study at
room temperature on the effect of high pressure on this as-milled
powder showed the structural decomposition of the orthorhombic
FeSb2 phase with increasing pressure as well as the nucleation of a
new high pressure tetragonal FeSb2 phase [30]. Now, this as-milled
powder was used to investigate its optical and photoacoustic proper-
ties at room temperature as well as its structural stability as a
function of temperature. X-ray diffraction (XRD), differential scanning
calorimetry (DSC), visible and infrared spectroscopy (VIS–IR), Raman
spectroscopy (RS) and photoacoustic absorption spectroscopy (PAS)
techniques were used. This paper reports the results of these
experiments.Sb
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FeSb22. Experimental procedure
A stoichiometric FeSb2 mixture of elemental powders of Fe
(Aldrich, purity 99.999%) and Sb (Alfa Aesar, purity 99.999%) was
sealed together with several steel balls of 11.0 mm in diameter
into a cylindrical steel vial under argon atmosphere. The ball-to-
powder weight ratio was 7:1. The vial was mounted on a SPEX
mixer/mill, model 8000. The temperature was kept close to room
temperature by a ventilation system. After 32 h of milling, the
measured XRD pattern showed an excellent agreement with that
given in the ICSD Database (code 41727) [20] for the orthorhom-
bic FeSb2 phase. However, the formation of an amorphous phase
and unreacted elemental Sb were observed. XRD pattern was
acquired using a Miniﬂex Rigaku powder diffractometer, equipped
with CuKa radiation (l¼1.5418 A˚).
The thermal stability of the FeSb2 phase and the crystallization
of amorphous phase were investigated through DSC measure-
ments, under nitrogen ﬂow, performed in a TA Instruments 2010
DSC cell. DSC measurements using heat rates of 2.5, 5.0, 10 and
40 1C min1 were carried out to calculate the activation energy to
crystallize the amorphous phase.
RS spectra were measured using a Renishaw micro-Raman
spectrometer, integrated with a light microscope. A laser of wave-
length l¼514.5 nmwas used as excitation source. Calibration of the
spectrometer was performed using a single crystal silicon wafer,
setting the peak at 520 cm1. The magniﬁcation of the microscope
objective, time of exposure and intensity of the laser beam were 20,
120 s, and 1.0 mW, respectively.
The PAS measurements were performed on a homebuilt open
photoacoustic cell (OPC) that consisted of a 250W quartz–tungsten–
halogen (QTH) lamp and a Bentham 605 current power supply. After
heat ﬁltering by a water lens, the light was mechanically chopped by
a Perkin–Elmer chopper, model 197, and focused onto the sample.
The sample was mounted directly in the front sound inlet of an
electret microphone [31]. The output voltage from the microphone
was connected to a computer through a lock-in ampliﬁer in order to
record the PAS signal amplitude and phase as functions of modulation
frequency. For PAS measurements, the samples were prepared by
compressing the powder with a pressure of 6 tons to form tiny
circular pellets 10 mm in diameter. The thicknesses of as-milled and
annealed samples were 425 and 500 mm, respectively.20 30 40 50 60 70 80 90 100
Residual intensity
FeSb2 + Sb
2θ (degrees)
Fig. 1. Experimental (open circles) and simulated (solid lines) XRD patterns
of a nanostructured powder milled for 32 h.3. Results and discussion
3.1. Analysis of XRD and DSC measurements of the as-milled and
annealed samples
Fig. 1 shows the XRD pattern for as-milled powder (open
circles) after milling for 32 h. It was compared with the patterns
in the ICSD Database [20] for the Fe–Sb system, and an excellentagreement was observed with that for the orthorhombic FeSb2
phase (code 41727). Diffraction peaks of unreacted elemental Sb
(ICSD code 9859) and an amorphous phase were also observed.
The latter will be analyzed later. The XRD pattern was reﬁned
using the Rietveld method [32], implemented in the GSAS
package [33]. The structural data given in the ICSD codes were
used as input data. Due to the fact that the contributions from the
interfacial component and amorphous phase to the XRD pattern
are diffuse and cannot be separated, they were considered as
belonging to the background. The best ﬁt was reached for the
lattice parameters a¼5.8246 A˚ (5.8328 A˚), b¼6.5380 A˚ (6.5365 A˚),
c¼3.2108 A˚ (3.1973 A˚) for FeSb2; and a¼4.3003 A˚ (4.3070 A˚),
c¼11.3088 A˚ (11.2730 A˚) for elemental Sb. The values between
parentheses are those provided by ICSD codes. The simulated
patterns and the residual intensity are also shown in Fig. 1, where
an excellent agreement between simulated and experimental
patterns can be seen. From the reﬁnement, volume fractions of
93% and 7% for FeSb2 and elemental Sb were obtained. Petrovic
et al. [18] produced single crystal FeSb2 with 8% of unreacted
elemental Sb.
We developed an approach to estimate the volume fractions of
crystalline and interfacial components forming the structure of the
nanostructured materials. [34,35]. Here, it was used to estimate
contributions of crystalline (FeSb2 and Sb crystallites) and interfa-
cial/amorphous components to the experimental XRD pattern.
For converting the XRD pattern to electron units, a weighted
theoretical mean square scattering factor o f 24aver ¼ 0:93
o f 24FeSb2 þ0:07 f
2
Sb, where o f
24FeSb2 ¼ 1=3 f
2
Feþ 2=3 f 2Sb and
f 2i is the atomic scattering factor, was calculated. From this approach,
volume fractions of E63% and 37% for crystalline and interfacial/
amorphous components were estimated, respectively. Taking into
account the estimated volume fraction of interfacial/amorphous
component obtained from this approach, a simple calculation yields
relative volume fractions of 58.6% and 4.4% for FeSb2 and unreacted
elemental Sb, respectively.
When crystallites are less than approximately 1000 A˚ in size,
appreciable broadening in the XRD peaks occurs. The peaks seen
in the XRD pattern shown in Fig. 1 have their bases enlarged,
indicating the presence of crystallites of very small dimensions.
The average crystallite size was estimated using the Scherrer
C.M. Poffo et al. / Physica B 413 (2013) 47–54 49equation [36]
D¼ 0:93 l
b cosðyÞ ð1Þ
where y is the diffraction angle, l is the X-ray wavelength and b is
the total broadening of the peak in radians, measured at the full-
width at half-maximum (FWHM). From the Rietveld reﬁnement,
the b and 2y values of the most intense peaks, located at about
31.371, 33.721, 34.741, 44.291, 48.981 and 50.701 for FeSb2, were
used in Eq. (1) and DE245 A˚ was obtained. This value conﬁrms
that the FeSb2 phase is nanostructured.
Fig. 2 shows two sequentially recorded DSC thermograms for
the same as-milled sample, with a heating rate of 10 1C min1.
On the ﬁrst run, one can see a continuous absorption of energy up
to 200 1C that is attributed to desorption of water molecules, since
the as-milled powder was not pre-heated, and/or to diffusion of
Fe and Sb atoms located at the interfacial component. Other two
exothermic peaks located at about 198 and 336 1C are also seen.
The peak at about 198 1C is attributed to the nucleation of Fe3O4,
as will be shown later. The peak at about 336 1C is attributed to
the crystallization of amorphous phase. The presence of an
amorphous phase in the as-milled powder as well as its crystal-
lization was conﬁrmed by running a second thermogram, as
shown in Fig. 2.
The activation energy Ea for the crystallization of the amor-
phous phase was calculated using the Kissinger equation [37]
lnðB=T2Þ ¼E=RTþconstant ð2Þ
where B is the heating rate, R¼8.31447 J mol1 K1 is the gas
constant and T is an absolute temperature, such as the peak
temperature Tp. DSC thermograms, with heating rates of 2.5, 5, 10
and 40 1C min1, were recorded and the following Tp values were
obtained: 325.7 1C (2.5 1C min1), 330.0 1C (5 1C min1), 335.8 1C
(10 1C min1) and 343.8 1C (40 1C min1). Using the B and Tp
values shown in Eq. (2), a straight line was approximately
obtained by plotting ln(B/T2) versus 1/T as shown in Fig. 3. From
the slope of the straight line a value of Ea¼454.473.3 kJ mol1
was obtained. Finally, the crystallization mechanism may be
correlated with the Avrami parameter nA using the equation [38],
nA ¼
2:5 R T2p
DT Ea
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Fig. 2. DSC thermograms of a nanostructured powder milled for 32 h.where DT is the width of the crystallization at half maximum and
R, Tp and Ea have already been deﬁned. In order to obtain accurate
values of DT, the crystallization peaks on the DSC thermograms
recorded with different heating rates were ﬁtted using a Gaussian
function and the Origin software [39]. An average value for the
Avrami parameter of nAE1.0 was obtained, suggesting that the
distribution of nucleation sites is non-random and the growth
may be restricted to one dimension.
Taking into account the DSC thermogram recorded in the ﬁrst
run, two batches of the as-milled powder were used for anneal-
ing. The powder was pressed into two pellets, which were sealed
in quartz tubes evacuated at about 103 Torr. One pellet was
annealed at 250 1C for 8 h, and the other annealed at 400 1C for
4 h, followed by air cooling. The pellet annealed at 250 1C was
used to investigate the origin of the low intensity exothermic
peak seen on the DSC thermogram at about 198 1C, without
promoting the crystallization of amorphous phase. The other
pellet, with the amorphous phase crystallized, was used to study
the inﬂuence of the interfacial/amorphous component on the
optical and photoacoustic properties.
Fig. 4 shows the XRD pattern for the pellet annealed at 250 1C.
Besides the FeSb2 and elemental Sb phases, new low intensity
peaks located at about 2y¼35.21, 56.51 and 62.11 were observed
and indexed to Fe3O4 (ICSD code 20596). Thus, the exothermic
peak at about 198 1C seen on the DSC thermogram was attributed
to the nucleation of Fe3O4. The XRD pattern was also reﬁned, and
the best ﬁt was reached for the lattice parameters a¼5.7547 A˚,
b¼6.4606 A˚, c¼3.1723 A˚ for FeSb2; a¼4.2554 A˚ and c¼11.1550 A˚
for Sb; and a¼b¼c¼8.35 A˚ (8.4 A˚) for Fe3O4. The value between
parentheses is that provided by the ICSD code. The simulated
patterns and residual intensity are also shown in Fig. 4, where an
excellent agreement between simulated and experimental
patterns can be seen. From the reﬁnement, volume fractions of
67%, 23%, and 10% were obtained for FeSb2, elemental Sb and
Fe3O4, respectively. Annealing at 250 1C was not enough to crystal-
lize the amorphous phase. Thus, is assumed that this annealed
sample contains a volume fraction of 37% of the amorphous phase,
as estimated previously. Maybe a partial crystallization occurred
due to the long annealing time. Taking into account the volume
fraction of the amorphous phase, volume fractions of 42.21%,
14.49% and 6.30% were obtained for FeSb2, elemental Sb and
Fe3O4, respectively. From the reﬁnement, the b and 2y values of
the most intense peaks of FeSb2, elemental Sb and Fe3O4 were used1.62 1.63 1.64 1.65 1.66 1.67
-12.0
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-10.0
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Fig. 3. Kissinger plot of ln(B/T2) versus 1/T using the temperatures peaks
mentioned in the text.
20 30 40 50 60 70 80 90 100
In
te
ns
ity
 (a
rb
. u
ni
ts
)
2θ (degrees)
FeSb2
Sb
Fe3O4
Residual intensity
FeSb2+Sb+Fe3O4
Fig. 4. Experimental (open circles) and simulated (solid lines) experimental XRD
patterns of a nanostructured powder annealed at 250 1C.
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Fig. 5. Experimental (open circles) and simulated (solid lines) XRD patterns
of a nanostructured powder annealed at 400 1C.
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Fig. 6. XRD patterns of as-milled and annealed powders converted to electron
units.
C.M. Poffo et al. / Physica B 413 (2013) 47–5450in Eq. (1), and average crystallite size values of DE460 A˚, 312 A˚
and 152 A˚, respectively, were obtained. For FeSb2, the peaks
mentioned previously were considered, while for Sb the peaks
located at about 28.871, 40.441 and 42.361 were considered and for
Fe3O4, the peak located at about 35.711 was considered.
The average crystallite size for FeSb2 increased, while the volume
fraction decreased signiﬁcantly. An explanation for this apparent
contradiction is the following: a sealed silica tube containing the
sample was placed inside the oven and the temperature was
gradually increased to 250 1C. This gradual increase in temperature
promoted growth of crystallites up to a maximum value, before
starting their decomposition. This maximum value was reached at
a temperature smaller than 250 1C.
The annealing of an as-milled sample at 400 1C promoted
crystallization of amorphous phase. Fig. 5 shows the XRD pattern
for a pellet annealed at 400 1C (open circles). Only the same
phases observed for the pellet annealed at 250 1C were seen.
However, the intensities of diffraction peaks corresponding to the
FeSb2 phase decreased, while those corresponding to the ele-
mental Sb phase increase signiﬁcantly. The XRD pattern was
reﬁned and the best ﬁt was reached for the lattice parameters
a¼5.8716 A˚, b¼6.5934 A˚, c¼3.2424 A˚ for FeSb2; a¼4.3482 A˚ and
c¼11.3908 A˚ for elemental Sb; and a¼b¼c¼8.4804 A˚ for Fe3O4.
The simulated patterns and residual intensity are also shown in
Fig. 5, where an excellent agreement between simulated and
experimental patterns can be seen. From the reﬁnement, volume
fractions of 30%, 44% and 26% for FeSb2, elemental Sb and Fe3O4
were obtained, respectively. The b and 2y values of most intense
peaks for FeSb2, elemental Sb and Fe3O4 were used in Eq. (1) and
average crystallite size values of DE435 A˚, 650 A˚ and 390 A˚,
respectively, were obtained. The same peaks mentioned above
were considered. These results corroborated the decomposition of
FeSb2 with increasing annealing temperature.
In order to further study the decrease of FeSb2 with increasing
annealing temperature, the XRD patterns of as-milled and
annealed samples were converted to electron units using the
procedure described in Refs. [34,35]. For converting each XRD
pattern, a weighted theoretical mean square scattering factor
o f 24aver was calculated by considering the volume fractions of
phases obtained from the reﬁnement. Fig. 6 shows the XRD
patterns converted to electron units. From this ﬁgure one can
see that the volume fraction of FeSb2 decreases with increasingannealing temperature, while those of elemental Sb and Fe3O4
increase. For FeSb2, between 2y¼301 and 331, the integrated
intensity values were 3901, 3394 and 2053 electron units for
samples as-milled, annealed at 250 1C and annealed at 400 1C,
respectively. The difference between the integrated intensities for
samples as-milled and annealed at 400 1C is 1848 electron units,
corresponding to a reduction of 47.4%. This value is similar to that
calculated considering the volume fractions (48.8%).
Based on these results, the increase in the volume fraction of
elemental Sb and the nucleation of Fe3O4 can be explained by
following argument: annealing at 250 1C promotes the diffusion
of Fe and Sb atoms located at the interfacial component as well as
of those originated from the decomposition of FeSb2. Thus, Sb
atoms are incorporated into unreacted Sb crystallites, promoting
their growth. On the other hand, the formation of Fe3O4 may be
due to the fact that a small amount of oxygen remained inside the
silica tubes after being evacuated and sealed. The enthalpy of
formation of Fe3O4 is 1161.957 kJ mol1 [40], which is very
favorable to nucleation.
C.M. Poffo et al. / Physica B 413 (2013) 47–54 513.2. Determination of the band gap energy for as-milled and
annealed FeSb2
Fig. 7 shows the transmittance (Tr) spectra as a function of the
light photon energy for samples as-milled and annealed at 400 1C.
One can see that the spectrum of as-milled FeSb2 shows a very
large optical absorption edge due to the nanometric crystallite
size, strains and a substantial interfacial/amorphous component.
On the other hand, the spectrum for annealed FeSb2 shows a
narrow optical absorption edge due to grain growth and struc-
tural relaxation during the annealing process, but before decom-
position. According to the literature, FeSb2 has a direct optical
band gap (n¼2) at Eg ¼ 130 meV and two indirect band gaps
(n¼1/2) at 6 and 31 meV [14], while for elemental Sb and Fe3O4
the optical band gap energies at 110 meV [41] and 140 meV [42],
respectively.
The optical band gap energy can be obtained by a McClean
analysis of the absorption edge through the equation [43]
e hu¼ huEgþEp
 1=n ð4Þ
where e is the absorption coefﬁcient, Eg is the optical band gap
energy, Ep is the phonon energy for indirect transitions, h is the
Planck constant and u is the frequency of the incident beam. The
analysis consists of ﬁtting the absorption edge to Eq. (4) and
determining experimental values for Eg, Ep and n. A value of n¼2
implies a direct allowed transition; n¼2/3 implies a direct
forbidden transition; n¼1/2 implies an indirect allowed transi-
tion; n¼1/3 implies an indirect forbidden transition.
For transmittance measurements, as-milled and annealed
powders were dispersed into a KBr powder support and the
mixtures were pressed in the form of a pellet. In this case, the
thickness ls and the absorption coefﬁcient e of the samples are no
longer known and Eq. (4) must be modiﬁed. Using the relation-
ships e ¼ A=ls, where A is the absorbance, and A¼ log10 100=%Tr
 
and replacing them in Eq. (4) gives
hulog10
100
%Tr
¼ ls huEgþEp
 1=n
, ð5Þ
where the thickness of the sample ls is a parameter to be included
in the ﬁtting procedure.
Fig. 8 shows the ﬁts to Eq. (5) of transmittance data for
samples as-milled and annealed at 400 oC for direct allowed
transition only. For the as-milled and annealed samples the direct0.11 0.12 0.13 0.14
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Fig. 7. Optical transmittance spectra versus energy of as-milled and annealed
powders.band gap energies are Eg¼12570.24 meV and 12270.24 meV,
respectively. Due to broadening of the transmittance spectrum of
both samples, the determination of the indirect band gap energies
is very inaccurate. The direct band gap energy for the annealed
sample is slightly smaller than that for the as-milled sample, since
the average crystallite size is larger.3.3. Raman measurements for as-milled and annealed FeSb2
powders
Fig. 9 shows the RS spectra for samples as-milled and annealed
at 400 1C. Both spectra show only a broad band between 140 and
200 cm1, which is sharper and stronger in the annealed sample.
Raman peaks are broadened by defects (glide planes), amorphiza-
tion, and intrinsic broadening when anharmonic processes are
involved [44]. Due to the severe mechanical deformations
imposed by mechanical collisions with the steel balls during
MA, all the characteristics mentioned above are found in nanos-
tructured materials. The line narrowing and the increase in band
intensity are attributed to the annealing process, since it pro-
motes crystallite growth of the FeSb2 phase.
Under ambient conditions, Sb crystallizes in the D53d symmetry
(S.G. R3m) and has two Raman active modes:A1g at 150 cm
1
and two-fold degenerated Eg at 115 cm
1 [45]. Fe3O4 crystallizes
in the O7h symmetry (S.G. Fd3¯m) and its Raman active modes are
T12g at 192 cm
1, Eg at 308.5 cm
-1, T22g at 541.2 cm
-1 and A1g at
672.3 cm1 [46]. In Fig. 9, the low intensity peak located at about
121 cm1 (full square) is attributed to the Eg modes of Sb, while
the A1g mode is located within the intense broad band. The
identiﬁcation of the Raman active modes of Fe3O4 is very hard.
The low intensity broad band at about 270 cm1 (asterisk) was
not identiﬁed. According to the RRUFF Database (code ID-
R070383) [45], FeSbO4 (tripuhyite) shows a Raman active mode
at about 280 cm1. However, this phase was not found in the XRD
patterns of samples annealed at 250 1C and 400 1C.
The normal modes of orthorhombic FeSb2 at the G point of the
Brillouin zone are classiﬁed according to the irreducible repre-
sentations of this point group [47].
G ¼ 2Agþ 2B1gþ B2g þ B3g þB1u þ 3B2u þ 3B3u ð6Þ
where g and u denote Raman active and infrared modes,
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Fig. 8. Determination of direct optical band gap energies for samples as-milled
and annealed at 400 1C. The solid lines correspond to the best ﬁts of Eq. (5) to the
experimental data.
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Fig. 9. Raman spectra of as-milled and annealed powders. The excitation wave-
length was l¼514.5 nm. Raman active modes of Sb (full square) and unidentiﬁed
(asterisk) are also shown.
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Fig. 10. Deconvolution of Raman spectrum for samples annealed at 400 1C.
10 100
100
1000
Modulation Frequency (Hz)
PA
S 
Si
gn
al
 a
m
pl
itu
de
 (µ
v)
f
-0.95
f
-1.00
 as-milled
 annealed at 400 oC
 Fit
Fig. 11. PAS signal amplitude versus modulation frequency of as-milled
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C.M. Poffo et al. / Physica B 413 (2013) 47–5452Lazarevic et al. [47] reported the RS spectrum for orthorhombic
FeSb2 at room temperature, and the wave numbers are: A
1
g at
146.8 cm1, A2g at 161.2 cm
-1, B11g at 173.3 cm
1, B21g at
184.3 cm1, B2g at 89.4 cm
1 and B3g at 95.6 cm
1. The wave
number values for the IR modes are also given in Ref. [47].
The intense broad band seen on the RS spectrum for the
annealed samples was deconvoluted using Lorentzian functions,
and the results are shown in Fig. 10. From the deconvolution, the
peak at about 151 cm1 was attributed to A1gmode of elemental
Sb, while that at 159 cm1 was attributed to A2g mode of FeSb2.
The broad peak was attributed to ﬂuorescence, and maybe the
two-fold degenerated 2B1g are overlapped. The A1g , A
2
g and B
2
1g
modes were observed in Ref. [30].
3.4. Photoacoustic measurements for as-milled and annealed FeSb2
powders
The photoacoustic absorption spectroscopy theory and its
application to determine the thermal diffusivity parameter and/ortransport properties of semiconductor materials are widely docu-
mented in literature [48–50]. A review can be found in some
papers [35,51] as well as in references therein and it will not be
repeated here.
The thermal diffusivity for orthorhombic FeSb2 can be calcu-
lated using the expression for the thermal conductivity
k¼ r Cp as, where r is the density, Cp is the speciﬁc heat, and as
is the thermal diffusivity. The TAPP software (version 2.2) [40]
gives values of r¼ 8151 kg m3 and Cp¼228 J kg1 K1 for
FeSb2. Sun et al. [52] reported a value of k¼8 Wm1 K1 for
FeSb2 at ambient conditions. Using these values in the expression
above, a value of as¼0.043 cm2 s1 is obtained. The characteristic
frequency f c ¼ as=p ls2, where ls is the sample thickness, is the
modulation frequency corresponding to the transition from the
thermally thin regime (fo f c) to the thermally thick regime
(f4 f c). The thicknesses of as-milled and annealed samples were
425 and 500 mm, giving characteristic frequencies of 7.6 Hz and
5.5 Hz, respectively. In order to perform PAS measurements in the
thermally thick regime, the data were acquired between 10 and
270 Hz.
Fig. 11 shows the log S versus log f plot of PAS signal ampli-
tudes for samples as-milled and annealed at 400 1C, while the
phases are displayed in Fig. 12. One can see that the effect of
annealing was to promote a reduction in the signal amplitude up
to 35 Hz. On the other hand, annealing promoted a reduction
in phase for the modulation frequency range used, as shown
in Fig. 12.
The log S versus log f plot of signal amplitude for as-milled
samples shows modulation frequency dependence E f1:00
between 45 and 140 Hz, while the dependence for annealed
samples is E f0:95 between 29 and 95 Hz. A dependence of the
type E f1.00 is characteristic of nonradiative surface recombina-
tion, thermoelastic bending or thermal dilation [53]. Thermal
dilation produces a signal whose phase is independent of the
modulation frequency and equal to 901. As shown in the Fig. 11,
this behavior is not observed, allowing us to disregard this heat
transfer mechanism. The absence of thermoelastic bending was
veriﬁed by it not being possible to ﬁt the phase data to the phase
Eq. (4) given in Ref. [35], using a¼0.043 cm2 s1 as the initial
value for the thermal diffusivity.
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Fig. 12. PAS signal phase versus modulation frequency of as-milled and annealed
powders. The solid lines correspond to the best ﬁts of Eq. (7) to the experimental
data.
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tive surface recombination is given by Pinto-Neto et al. [50],
Fph ¼
p
2
þtan1 bD=v
 
otef f þ1
 
bD=v
 
1otef f
 1 otef f 2
" #
ð7Þ
where teff¼t(D/as1), b¼(pf/as)1/2, o¼2pf, as is the thermal
diffusivity, D is the carrier diffusion coefﬁcient, v is the surface
recombination velocity, and t is the recombination time.
The expression (7) was successfully ﬁtted to the plot Fph (radians)
versus f in the modulation frequency range 45–140 Hz for as-
milled samples for the values as¼0.078670.0001 cm2 s1, D¼
33.78870.027 cm2 s1, n¼155.44570.124 cm s1 and t¼
65279 ns and for annealed sample in the frequency range 29–
95 Hz for the values as¼0.084770.0002 cm2 s1, D¼82.8067
0.093 cm2 s1, n¼238.21170.268 cm s1 and t¼25677 ns. The
thermal diffusivity of both as-milled and annealed samples is almost
twice the value previously calculated for FeSb2. In another study, we
reported the results obtained for a nominal CoSb3 mixture submitted
to the MA process [54]. After 30 h of milling, the Rietveld analysis of
the XRD pattern for as-milled powder showed a microstructure
formed by the skutterudite CoSb3 and monoclinic CoSb2 nanostruc-
tured phases and an interfacial component. The photoacoustic
properties of the as-milled and annealed powders were investigated.
From the PAS data for the as-milled powder, the intraband non-
radiative thermalization (thermal diffusion) and thermoelastic bend-
ing mechanisms were observed. From the PAS data for the annealed
powder, besides the heat transfer mechanisms mentioned early, the
nonradiative surface recombination mechanism was observed. The
latter permitted the determination of the transport properties. Due to
the similarity between the Fe–Sb and Co–Sb systems, in order to ﬁt
the theoretical results to the experimental curve, we ﬁxed the
a¼0.043 cm2 s1 value calculated previously for FeSb2 and the D,
n, and t values given in Ref. [54] were taken as initial data. After an
initial convergence, all the parameters were kept as free parameters.
The microstructure of samples annealed at 400 oC is composed by
30%, 44% and 26% of FeSb2, elemental Sb and Fe3O4, respectively. The
thermal diffusivity values of elemental Sb and Fe3O4 can be calcu-
lated using data given in the softwares PTOE [55] and TAPP [40].
The software PTOE gives the values k¼24.3Wm1 K1,r¼6684 kg m3 and Cp¼210 J kg1 K1 for elemental Sb. Using
these values in the expression for the thermal conductivity, a value of
aSb¼0.173 cm2 s1 was obtained. The software TAPP [40] gives the
values r¼1305 kg m3 and Cp¼636 J kg1 K1 for Fe3O4, while
Ref. [56] reports a value of k¼5Wm1 K1. Using these values in
the expression for the thermal conductivity, a value of aFe3O4¼
0.0602 cm2 s1 was obtained.
It will be assumed that the measured thermal diffusivity as for
samples annealed at 400 1C is described by the Lichtenecker’s
logarithmic mixture law [57,58],
aef f ¼
Y3
n ¼ 1
axnn ð8Þ
where n is the number of phases; x and a are the volume fraction
and thermal diffusivity of each phase, respectively. Using the
volume fractions and thermal diffusivity values calculated pre-
viously for FeSb2, elemental Sb and Fe3O4 in Eq. (8), a value of
aef f ¼0.0866 cm2 s1 was obtained. This value is very close to the
measured value (as¼0.0847 cm2 s1).
The Lichtenecker’s logarithmic mixture law was used to investi-
gate the contribution of interfacial/amorphous component for the
thermal diffusivity of the as-milled samples. From reﬁnement of the
XRD pattern of as-milled samples, volume fractions of xn¼58.6%,
4.4% and 37% were estimated for the FeSb2, Sb and interfacial/
amorphous components, respectively. Considering the thermal dif-
fusivity values calculated for FeSb2 and elemental Sb and their
volume fractions in Eq. (8), a value of aintþam¼0.186 cm2 s1 for the
interfacial/amorphous component is obtained. If it is assumed
that the measured thermal diffusivity is a weighted sum of the
thermal diffusivities of FeSb2 and elemental Sb, a value of aintþam¼
0.124 cm2 s1 for the interfacial/amorphous component is obtained.
Both calculated values for interfacial/amorphous component are at
least three times the value of thermal diffusivity for bulk FeSb2.
Thermal transport in nanostructured materials has been
extensively studied both theoretically and experimentally.
Eastman et al. [59,60] investigated the effects of energy carrier
(phonon) scattering on thermal transport within nanograins and
on thermal transport across the nanograin interface. They studied
the variation of the effective thermal conductivity of nanocrystal-
line zirconia with the size of nanograins and temperature, and
reported a reduced thermal conductivity of the nanograin itself
due to phonon scattering at the grain interface. Philip et al. [61]
reported results for nanocrystalline diamond ﬁlms grown by
chemical vapor deposition (CVD). They reported that the thermal
diffusivity forE3.5-mm-thick nanocrystalline diamond ﬁlms with
nucleation densitiesZ1012 cm2 (smaller interfacial component)
was E7.2 cm2 s-1, whereas those with lower nucleation densities
(larger interfacial component) showed a value ofE5.5 cm2 s1.
These results show that the nanometric dimensions of crystallites
(crystalline component) and the defect concentration (interfacial
component) decrease the thermal conductivity and thermal
diffusivity of nanostructured materials.
In this study, the interfacial/amorphous component seems to be
responsible for the fact that the thermal diffusivity of as-milled
samples is larger than that calculated for bulk FeSb2. For both
as-milled and annealed samples, the heat transfer mechanism
found was the nonradiative surface recombination, i.e., after
diffusion, the recombination of excess electron–hole pairs occurs
at the surface. Physically, the arguments to explain the large
thermal diffusivity of as-milled samples are the following: (1) the
generated excess electron–hole pairs may diffuse several hundreds
of nanometers before recombining; and/or (2) the density of
phonons conﬁned in the interfacial component is very high,
allowing a strong phonon-phonon interaction promoting the heat
transport.
C.M. Poffo et al. / Physica B 413 (2013) 47–54544. Conclusions
A stoichiometric FeSb2 mixture was submitted to mechanical
milling, and after 32 h of milling the XRD pattern was indexed to
orthorhombic FeSb2 and elemental Sb. In addition, an amorphous
phase was observed. From reﬁnement of the XRD patterns for
as-milled and annealed samples, a decrease in volume fraction for
FeSb2 with increasing annealing temperature was observed, the
volume fractions of elemental Sb and Fe3O4 increased.
From transmittance VIS–IR measurements, the direct optical
band gap energies of samples as-milled and annealed at 400 1C
were determined, and a value slightly smaller was observed for
annealed samples due to a larger average crystallite size.
From the PAS measurements, the thermal diffusivities and
other transport properties of samples as-milled and annealed at
400 1C were determined. The thermal diffusivity of the annealed
samples is well described by the Lichtenecker’s logarithmic
mixture law. The large thermal diffusivity value for the
as-milled sample is attributed to the contribution of the thermal
diffusivity of the interfacial/amorphous component.Acknowledgments
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